halocarbon data set was used to help identify the origin of the various air masses encountered during the SONEX flights. The NMHC data set also provides background mixing ratios at cruising altitudes, for input into models that estimate the effects of aircraft NOx on 03.
Experimental Techniques
During the SONEX mission, 16 research teams flew aboard the NASA DC-8 aircraft on 14 science flights in and around the NAFC, deploying from bases in Bangor, Maine; Shannon, Ireland; and Lajos, Azores (see Singh et al. [1999] for flight paths). The NAFC is a major commercial air traffic route, with the 45ø-65øN Atlantic region featuring some of the densest air traffic [$ingh et al., 1999]. Commercial aircraft operate within an organized tracking system (OTS), whose flight levels are defined every 1000 feet (305 m) from 31,000 to 39,000 feet (9.4 to 11.9 km). The commercial traffic is distributed on those levels every day, although the loading at each level varies from day to day. The most heavily traveled levels are 31,000 feet (9.4 km), 33,000 feet (10.0 km), 35,000 feet (10.7 km), 37,000 feet (11.3 km), and sometimes 34,000 feet (10.4 km). In the NAFC, the main eastbound traffic arrives in Europe in the early morning and the main westbound traffic departs from Europe later in the morning. The results presented here are based upon the three SONEX flights that were specifically designed to sample within and below recently traveled OTS airspace, with deployments between October 18 and November 9, 1997.
The DC-8 payload included equipment to measure meteorological parameters, ozone, nitrogen species, hydrogen oxides, aerosols, and condensation nuclei. The UC Irvine group was responsible for the measurement of NMHC, halocarbon, and alkyl nitrate mixing ratios in -140 whole air samples collected during each research flight. Seven canister arrays, each consisting of twenty-four 2-L stainless steel canisters, were loaded onto the aircraft prior to each flight. During sampling, outside air was collected from beyond the laminar boundary layer of the aircraft, pressurized by a twostage metal bellows pump, and distributed via 0.25-inch stainless steel tubing to a gas-handling manifold. The gashandling manifold allowed the air to be selectively directed into any given canister. The samples were collected in individual canisters and pressurized to 40 pounds per square inch gauge (psig) (275 kPa).
The whole air samples were collected throughout each flight, roughly every 4 min during horizontal flight legs and every 1.5 to 2 min during vertical legs. The sample collection times ranged from 0.75 to 2.5 min. The longer collection times were used on horizontal flight legs for better spatial coverage, and shorter sampling times were used on vertical flight legs in order to maximize the vertical resolution. On the basis of typical cruising velocities of 830-850 km hr -1 during horizontal flight legs, a 2-min collection time covered a sampling distance of-28 km. The vertical sampling distances were of the order of several hundreds of meters. During SONEX, the actual number of samples collected per flight ranged from 134 to 144. A few of the samples were not used in our data analysis, for example, because they were contaminated or became depressurized. A total of 1874 whole air samples were available from the 14 SONEX flights, of which 405 were collected during the three OTS flights.
After each flight, the canister arrays were couriered to our laboratory at UC Irvine for analysis. Within 7 days of being collected, the air samples were analyzed for the NMHCs, halocarbons, and alkyl nitrates using a four-gaschromatograph (GC), six-column, six-detector analytical system. For each sample, 1772 _+ 1 mL (STP) of canister air were used for analysis. The condensable trace gases (including all hydrocarbons except CH4) were preconcentrated in a loop that was filled with glass beads and immersed in liquid nitrogen. The loop was then isolated before being warmed to revolatilize the gases. The contents of the loop were flushed using a carrier gas (hydrogen) and were quantitatively split to the six different columns. The fractional split to each column was determined from standards run intermittently with the air samples (every fourth sample). Three flame ionization detectors (FIDs) and three electron capture detectors (ECDs) were used, producing six separate chromatograms for each air sample. More information about the analytical system used during SONEX and in previous airborne missions is given by Sire [1998] and Blake et al. [1996a] .
The baselines on each chromatogram were individually inspected for selected compounds, including 18 C2-C 9 NMHCs, 16 C1-C2 halocarbons, and 5 C1-C4 alkyl nitrates. A complete list of the compounds reported by the UC Irvine group is given in Table 1 . The range of accuracies for these 39 gases is 2-20%. The precision of the halocarbon measurement varies by compound and by mixing ratio. For example, the precision for CFC-12 at 550 parts per trillion by volume (pptv) was +3 pptv, while that for methyl iodide (CH3I) at 0.02 pptv was _+0.01 pptv. The measurement precision for the NMHCs was -1% or 1.5 pptv (whichever was larger) for the alkanes and alkynes and 3% or 3 pptv (whichever was larger) for the alkenes. The limit of detection (LOD) is different for each halocarbon, but none of the 16 halocarbons was below its detection limit at any time during SONEX. We imposed a conservative LOD of 2 pptv for the NMHCs.
Results and Discussion
The 14 SONEX flights traced routes both in and around the main NAFC, with additional excursions north as far as 70øN and south to 20øN. On the three OTS flights, the path included five or six flight legs at different altitudes, both within and below the designated OTS levels. For example, Flight 7 was a 7-hour local flight off the west coast of Scotland, departing from Shannon on October 23, 1997, at 0600 UT. (As will be described below, the air masses encountered during Flight 7 offered the best opportunity for observing aircraft emissions.) The flight included legs at five standard altitudes, three within the OTS and two below. The timing of Flight 7 sought to intercept emissions from eastbound OTS aircraft, and samples were taken at the end of the peak traffic from that morning.
During SONEX, the Goddard Space Flight Center (GSFC) provided plots of 5-day histories of flight corridor encounters over the North Atlantic. For Flight 7, the GSFC plot showed that the levels of aircraft exposure over the previous 5 days exceeded 110 aircraft hours within the sampling area (data accessible at http://telsci.arc.nasa.gov/-sonex/models_gif/). The more than 110 aircraft hours represents maximum air traffic exposure for air parcels arriving at the sampling region, and they indicate that Flight 7 is well suited for investigating enhancements that result from aircraft emissions.
The suite of meteorological and chemical data collected Figures 7a and 7b) . (The landing data have been included in order to contrast the low mixing ratios at altitude with the high mixing ratios near an urban area.) The propene mixing ratios were consistently below our detection limit of 2 pptv during Flight 7, again except for landing into Shannon (Figures 2a and 2b) . The ethene mixing ratios during Flight 7 were almost exclusively below our detection limit, with the exceptions of the landing and of three episodes of small, nonzero values encountered at altitude (Figures 2a and  2b) . Two of the three episodes at altitude were at our detection limit of 2 pptv. The third episode (ethene mixing ratios of 3.2-5.2 pptv) occurred at an altitude below the OTS during the return to Shannon, and it does not appear that the nonzero ethene mixing ratios resulted from aircraft exposure. In previous missions, our group has experienced ethene growth within our sampling canisters. Here it has not been possible for us to determine whether the nonzero ethene mixing ratios at altitude are artifacts from our canisters or real values. We have chosen to include these five mixing ratios in Figures 2a  and 2b for completeness. The C2-C 9 alkanes also remained low and fairly uniform at altitude during Flight 7 (e.g., ethane, see Figure 6b ). Overall, we did not observe enhancements from aircraft in any of the measured NMHCs during Flight 7, including four major NMHCs (ethene, ethyne, benzene, and propene) which aircraft have been reported to emit. In addition to using a combination of NO, CN, whole air samples, and meteorological data to identify aircraft emissions, Thompson et al. [1999] Flight 5 was a local deployment from Shannon in the region west of Ireland, just after the peak of westbound traffic. Flight 14 was a local excursion from Bangor, also after the peak of westbound traffic. For both flights, we attempted to identify enhancements of NO and CN caused by aircraft exposure in a manner similar to that for Flight 7. However, we were unable The data used in this analysis were retrieved from the SONEX 5-min data merge for Flight 7. The number of data points in each average is given in parentheses. enhancements seen in Figures 8a and 8b . Together, they indicate which whole air samples coincided with the aircraft exhaust plumes (in the discussion that follows, the coincident whole air samples are correspondingly named 1, 2, and 3). The NMHC mixing ratios were not elevated in the three Flight 13 whole air samples that featured some overlap with the aircraft plumes (Figures 9a and 9b) . Indeed, in both Flights 13 and 15, no NMHC enhancements were encountered that were large enough to be detected within the diluted whole air sample. The whole air samples 1 and 2 overlapped with the plume encounters at the start of sampling, whereas the whole air sample 3 overlapped at the end of sampling (Figures 9a and  9b ). There is a nonlinear relation between sample size and sample time as the canister fills to 40 psig (275 kPa) and the pumping capacity diminishes. That is, the measured mixing ratios are effectively weighted toward the values in the air that was collected at the start of the sample. Thus samples 1 and 2 offer the best opportunity for detecting hydrocarbon enhancements, both because they feature more overlap with the plume encounters than sample 3 and because the overlap occurred at the start of the canister filling, rather than at the end. We do not know the nonlinear function that describes how the sample filling changes with time (the relationship is complicated by flow-regulating valves on our gas-handling manifold). However, at altitude our experience is that filling the last 10 psig ( The NMHC results are in agreement with CO data that were collected during SONEX. Carbon monoxide is an excellent indicator of incomplete combustion, and CO was sampled at a high frequency (1 Hz). Therefore any aircraft emissions resulting from incomplete combustion would have been detected in the CO signal. The precision of the CO measurements was 1 ppbv, based upon a 1-s sampling period. However, CO enhancements caused by aircraft were rarely encountered during SONEX (the enhancements ranged from 1.4 to 2 ppbv, and they occurred with concurrent increases in CO2 and NO•, mixing ratios). Only one case of elevated CO resulting from aircraft was detected during the two tail chases (NMHCs collected at the same time did not exhibit mixing ratio enhancements). Just two additional episodes of enhanced CO resulting from aircraft were identified during the entire SONEX mission. The results suggest that the air fleet in the NAFC is clean burning with respect to both NMHCs and CO.
